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1. Introduction {#gh251-sec-0003}
===============

*Staphylococcus aureus* is a ubiquitous bacterium that causes a wide range of infections, from superficial skin infections to severe, and potentially fatal, invasive disease (Kadariya et al., [2014](#gh251-bib-0033){ref-type="ref"}). *S. aureus* infections have become increasingly difficult to treat due to the emergence of antibiotic resistance, including resistance to the antibiotic methicillin (methicillin‐resistant *S. aureus*, MRSA). Approximately 30% and 1.5% of the U.S. population is colonized with methicillin‐susceptible *S. aureus* (MSSA) and MRSA, respectively (Graham et al., [2006](#gh251-bib-0029){ref-type="ref"}) with the most important site for colonization being the anterior nares (nostrils) (Wertheim et al., [2005](#gh251-bib-0073){ref-type="ref"}). While colonization itself does not harm the host, it is a risk factor for developing subsequent symptomatic infections (Fritz et al., [2009](#gh251-bib-0026){ref-type="ref"}; Graham et al., [2006](#gh251-bib-0029){ref-type="ref"}). *S. aureus* may also be acquired via contact with fomites contaminated with the organism.

The strains causing health care‐associated MRSA infections (HA‐MRSA) have been distinct from the strains causing community‐associated MRSA (CA‐MRSA) infections: HA‐MRSA typically are resistant to many classes of antibiotics and carry the methicillin resistance gene, *mec*A, on the staphylococcal cassette chromosome (SCC) of type II (SCC*mec* type II), while CAMRSA tend to be resistant to fewer classes of antibiotics, carry the Panton‐Valentine leukocidin (PVL) genes, and carry SCC*mec* type IV. A third group, livestock‐associated MRSA (LA‐MRSA), has recently been identified and has typically been associated with swine or cattle (Smith & Pearson, [2010](#gh251-bib-0060){ref-type="ref"}; Wulf & Voss, [2008](#gh251-bib-0076){ref-type="ref"}). LA‐MRSA include strains such as ST398 and ST9, often carry SCC*mec* type V, are typically PVL negative, and, like HA‐MRSA, tend to be resistant to multiple classes of antibiotics. Lines are blurring between the strains, as both CA‐MRSA and LA‐MRSA have caused outbreaks or nosocomial infections in hospitals (Fanoy et al., [2009](#gh251-bib-0020){ref-type="ref"}; Jenkins et al., [2009](#gh251-bib-0032){ref-type="ref"}; Kourbatova et al., [2005](#gh251-bib-0036){ref-type="ref"}; Seybold et al., [2006](#gh251-bib-0057){ref-type="ref"}; Tattevin et al., [2009](#gh251-bib-0062){ref-type="ref"}; van Rijen et al., [2008](#gh251-bib-0050){ref-type="ref"}, [2009](#gh251-bib-0051){ref-type="ref"}; Wulf et al., [2008](#gh251-bib-0077){ref-type="ref"}).

A recent report has suggested that MRSA caused over 80,000 invasive infections and more than 11,000 deaths in 2011 (Dantes et al., [2013](#gh251-bib-0011){ref-type="ref"}); the additional burden of MSSA infections has not been quantified. Most invasive MRSA infections were associated with healthcare exposure; however, this trend is changing, as the CA‐MRSA strain USA300 was recently identified in 29% of invasive MRSA isolates collected from U.S. metropolitan areas (Klevens et al., [2007](#gh251-bib-0034){ref-type="ref"}). These invasive infections are on top of millions of more minor skin and soft tissue infections, which are the primary infections that *S. aureus* causes in the United States.

Recently, MRSA have been recovered from water and sand at public beaches in several areas in the United States (Soge et al., [2009](#gh251-bib-0061){ref-type="ref"}; Yamahara et al., [2012](#gh251-bib-0078){ref-type="ref"}). Domestically and internationally, antibiotic‐resistant *S. aureus* has also been isolated from municipal (Borjesson et al., [2009](#gh251-bib-0004){ref-type="ref"}; Porrero et al., [2014](#gh251-bib-0048){ref-type="ref"}; Rosenberg Goldstein et al., [2012](#gh251-bib-0054){ref-type="ref"}; Wan & Chou, [2014](#gh251-bib-0071){ref-type="ref"}), hospital (Thompson et al., [2013](#gh251-bib-0065){ref-type="ref"}), and agricultural wastewaters/sewage (Brooks et al., [2014](#gh251-bib-0006){ref-type="ref"}; Wan & Chou, [2014](#gh251-bib-0071){ref-type="ref"}), representing potential sources of human environmental contamination. The primary sources of antibiotic resistance genes or bacteria derived from human sewage in the aquatic environment are (1) treated effluent from municipal wastewater treatment plants (WWTP) and (2) untreated sewage from combined sewer overflows (CSOs) (Tchobanoglous et al., [2003](#gh251-bib-0063){ref-type="ref"}). In municipalities, most sewage is treated at WWTPs, but in 772 U.S. cities, combined storm water and sanitary sewers result in overflows that discharge untreated sewage into lakes and rivers during wet weather (Environmental Protection Agency, [2015](#gh251-bib-0017){ref-type="ref"}). In areas with low population density, sewage treatment occurs by home septic systems. When properly functioning, such septic systems should not impact surface water quality, but failure of these systems, with attendant impacts on water quality, is common (Ohio Department of Health, [2013](#gh251-bib-0046){ref-type="ref"}). Streams, lakes, and beaches may receive water affected by one or more of these sources, but some streams and small lakes have no identified sources of human wastewater discharge. MRSA are also able to survive for extended periods of time in sea and river water, though they are killed within 24 h in properly chlorinated pool water (Tolba et al., [2008](#gh251-bib-0067){ref-type="ref"}). Taken together, these studies suggest that *S. aureus* in the environment represent a reservoir of bacteria that may result in colonization or infection of individuals who may come into contact with them.

As MRSA becomes increasingly common in nonhospitalized human and animal populations, the potential for environmental contamination and therefore additional acquisition of these strains by the general population similarly increases. Indeed, the ability to survive for extended periods in the environment has been suggested to be a factor in the generation or selection of strains capable of causing outbreaks (Wagenvoort et al., [2000](#gh251-bib-0069){ref-type="ref"}). As such, novel studies of *S. aureus* in the environment and the community are critically needed. The objective of this study was to determine the prevalence and molecular characteristics of *S. aureus* at freshwater recreational beaches in Northeast Ohio.

2. Methods {#gh251-sec-0004}
==========

2.1. Sample Collection {#gh251-sec-0005}
----------------------

A convenience sampling method was used to collect sand and water samples from 10 Northeast Ohio recreational beaches (Figure [1](#gh251-fig-0001){ref-type="fig"}). These beaches were selected to represent both rural and urban beaches as well as inland and Lake Erie beaches. Water (*n* = 30) and beach sand (*n* = 90) samples were collected from these beaches between 24 June and 15 July 2014; a second sampling was carried out with identical sample numbers between 8 October and 5 November 2014. For each sampling time period (summer and fall), three dates were sampled with an approximately 2 week interval between samples. One additional sampling was done to collect water (*n* = 10) and beach sand (*n* = 30) between 22 and 30 April 2015. During each location visit, three wet sand samples were collected at the tide line along with one 500 mL sample of freshwater. Water sample was collected using sterile methods via gloved hand immersion of 250 mL autoclaved wide‐mouth bottles with screw caps. All samples were processed immediately upon arrival to the laboratory or within 24 h of collection.

![Sampling sites. CAK, Akron‐Canton; CLE, Cleveland; and YNG, Youngstown‐Warren.](GH2-1-320-g001){#gh251-fig-0001}

2.2. Bacterial Isolation and Identification {#gh251-sec-0006}
-------------------------------------------

One hundred milliliters of water was added with 50 mL Baird Parker broth (2 times concentrations) with tellurite enrichment (Sigma products---Sigma‐Aldrich, St. Louis, MO) in a 250 mL sterile screw cap jar and incubated for 18--24 h at 37°C. Five grams of sand was added to 40 mL Baird Parker broth (2 times concentrations) with tellurite enrichment in a sterile 50 mL conical centrifuge tube (Thermo Fisher Scientific, Pittsburg, PA) and vortexed for approximately 30 s. The supernatant liquid from each sample was then transferred into a sterile, 250 mL screw cap jar and incubated at 37°C for 18--24 h. After 24 h of incubation, 25 mL of broth was inoculated onto Baird Parker agar (BPA) with EY tellurite enrichment (BD Difco ™, Becton, Dickinson and Company, Sparks, MD) and selective MRSA agar plates (BBL CHROMagar MRSA, Becton, Dickinson and Company, Sparks, MD) and incubated 24--48 h at 37°C and examined for bacterial growth. Presumptive *S. aureus* (black colonies with clear halos on BPA) and presumptive MRSA (mauve colonies on CHROMagar) were subcultured onto Columbia colistin‐nalidixic acid agar (with 5% sheep blood) plates (BD) and incubated at 37°C for 24 h. *S. aureus* was confirmed by doing the catalase test, the slide coagulase test, and the *S. aureus* latex agglutination assay (Pastorex Staph‐plus, Bio‐Rad, Richmond, CA). *S. aureus* isolates were stored at −80°C.

2.3. Antimicrobial Susceptibility Testing {#gh251-sec-0007}
-----------------------------------------

All *S. aureus* isolates were tested for antibiotic susceptibility with the VITEK 2 system (version R06.01) according to the manufacturer\'s instructions. Antimicrobial susceptibility testing (AST)‐GP71 cards of the VITEK 2 system were inoculated with a bacterial suspension prepared in 0.45% saline equal to the turbidity of a 0.5--0.63 McFarland standard with the DensiCHEK™ Plus (bioMérieux, Durham, NC). *S*. *aureus* isolates were tested for susceptibility to benzylpenicillin, oxacillin, tetracycline, erythromycin, ciprofloxacin, moxifloxacin, minocycline, clindamycin, trimethoprim‐sulfamethoxazole, quinupristin/dalfopristin, gentamicin, levofloxacin, linezolide, daptomycin, vancomycin, and rifampin, tigecycline, and nitrofurantoin per Clinical and Laboratory Standards Institute guidelines (Clinical and Laboratory Standards Institute, [2012](#gh251-bib-0009){ref-type="ref"}). Isolates showing intermediate levels of susceptibility were classified as resistant. Isolates that were resistant to three or more classes of antimicrobials or that were resistant to oxacillin were considered multidrug resistant (MDR) (Magiorakos et al., [2012](#gh251-bib-0039){ref-type="ref"}).

2.4. Molecular Testing {#gh251-sec-0008}
----------------------

Genomic DNA was extracted using the Wizard Genomic DNA preparation kit (Promega, Madison, WI). Polymerase chain reaction (PCR) was performed on all isolates. The detection of *mec*A and PVL (*lukS*, *lukF*) genes in the *S. aureus* isolates were determined by PCR (Bosgelmez‐Tinaz et al., [2006](#gh251-bib-0005){ref-type="ref"}; Lina et al., [1999](#gh251-bib-0038){ref-type="ref"}). The *Staphylococcus* protein A (*spa*) gene was amplified as previously described (Koreen et al., [2004](#gh251-bib-0035){ref-type="ref"}; Shopsin et al., [1999](#gh251-bib-0058){ref-type="ref"}). *spa* types were assigned using Ridom® StaphType software (version2.2.1; Ridom GmbH, Wṻrzburg, Germany). The Based Upon Repeat Pattern (BURP) algorithm was applied to *spa* types to group *S. aureus* isolates into genetic clusters, according to their genetic proximity (Mellmann et al., [2007](#gh251-bib-0041){ref-type="ref"}). All isolates were tested for multilocus sequence typing (MLST) as described previously (Enright et al., [2000](#gh251-bib-0016){ref-type="ref"}). Sequence types (STs) were assigned using organism specific MLST database (<http://saureus.mlst.net/>). PHYLOViZ software v2.0 was used to analyze Global optimal eBURST of STs and to draw minimum spanning tree and relatedness of STs as described by Francisco et al. ([2009](#gh251-bib-0024){ref-type="ref"}, [2012](#gh251-bib-0025){ref-type="ref"}) (Figure [2](#gh251-fig-0002){ref-type="fig"}). Positive (USA300) and negative controls (reaction mixture without DNA template) were used in *mec*A, PVL, and *spa* PCR.

![Minimum spanning tree demonstrating diversity of sequence types identified (constructed by the goeBURST algorithm using PHYLOViZ software v2.0).](GH2-1-320-g002){#gh251-fig-0002}

2.5. Environmental Analysis {#gh251-sec-0009}
---------------------------

Data from Global Historical Climatology Network stations at three regional airports were used to compare the seasonal differences across sampling periods, as well as the spatial variability within the study area (Menne, Durre, Korzeniewski et al., [2012a](#gh251-bib-0042){ref-type="ref"}; Menne, Durre, Vose et al., [2012b](#gh251-bib-0043){ref-type="ref"}). Average daily precipitation for the duration of each sampling period, plus 2 weeks prior to the first sampling date, was calculated to indicate overall wetness. Average daily temperature was calculated for the same periods.

Potential exposure of water and beach sand to untreated or treated sewage effluent was qualitatively assessed by examining distances to (a) municipal WWTPs as identified by the National Pollutant Discharge Elimination System permits issued discharge into the lake and tributary streams or rivers, using the online mapping application available at <http://wwwapp.epa.ohio.gov/dsw/gis/npdes/index.php> and (b) CSO outfalls, via an Ohio Environmental Protection Agency map available at <http://wwwapp.epa.ohio.gov/dsw/maps/cso/index.php>. Potential influence of septic systems was qualitatively assessed based on whether residential areas surrouding the beach and tributary streams and rivers were served by WWTPs or not. For the four sites on Lake Erie, we also considered the patterns of lake currents, both generally (Bai et al., [2013](#gh251-bib-0003){ref-type="ref"}) and for approximately weekly snapshots during the summer and fall sampling periods based on Great Lakes Coastal Forecasting system (GLCFS), as archived by the Experimental Lake Erie Harmful Algal Bloom Bulletin (<https://www.glerl.noaa.gov/res/HABs_and_Hypoxia/lakeErieHABArchive/>). These snapshots are not available for April 2015, and no information on currents was available for the inland lakes.

2.6. Statistical Analysis {#gh251-sec-0010}
-------------------------

Frequency distribution and proportions were calculated for the categorical variables. One‐way analysis of variance with least significant difference posthoc tests was conducted to assess the differences among group means. Statistical significance was assessed at *α* = 0.05 level. All statistical analyses were conducted using SAS statistical software (version 9.3, SAS Institute Inc., Cary, NC).

3. Results {#gh251-sec-0011}
==========

3.1. Prevalence of *S. aureus* {#gh251-sec-0012}
------------------------------

A total of 280 environmental samples (fresh beach water and sand) was collected from 10 public freshwater recreational beaches in Northeast Ohio. A total of 70 isolates was chosen from 64 *S. aureus*‐positive samples: one from each positive BPA plate (*n* = 64) and one from each positive CHROMagar plate (*n* = 6). The overall prevalence of *S. aureus* was 22.8% (64/280; 95% confidence interval (CI) 17.9%--27.7%), with a prevalence of 14.6% (41 /280; 95% CI 10.5%--18.8%) and 8.2% (23/280; 95% CI 4.9%--11.4%) for MSSA and MRSA, respectively. Table [1](#gh251-tbl-0001){ref-type="table"} shows the distribution of *S. aureus* in sand and water across 10 sampling sites. The prevalence of *S. aureus* was significantly higher in Sites 6, 7, and 10 (*p* value 0.028, 0.001, and 0.027, respectively). The overall presence of *S. aureus* in sand and water was 20.5% (43/210) and 30% (21/70), respectively. The overall prevalence of *S. aureus* in summer, fall, and spring was 45.8% (55/120; 95% CI 37.0--54.7), 4.2% (5/120; 95% CI 0.6--7.7), and 10% (4/40; 95% CI 0.7--19.3), respectively. Similarly, the overall prevalence of MRSA in summer, fall, and spring was 15.8% (19/120; 95% CI 0.1--0.2), 0.8% (1/120; 95% CI 0--0.02), and 7.5% (3/40; 95% CI 0--0.2), respectively. The prevalence of *S. aureus* was higher in water (63.3%; 19/30; 95% CI 46.1--80.6) than in sand (40%; 36/90; 95% CI 29.9--50.1) in summer and in fall (6.7%; 2/30; 95% CI 0--0.15 versus 3.3%; 3/90; 95% CI 0--0.07). However, the difference was significant only in summer with *p* value = 0.03 (odds ratio (OR) 0.38 95% CI 0.164--0.906) and not significant in the fall (*p* value = 0.59, OR 0.48 95% CI 0.076--3.037).

###### 

Distribution of S. aureus in Environmental Samples

  Sites (*N*)                              Total samples *N* = 280 (%)   *P* value                                     
  ---------------------------------------- ----------------------------- ----------- ---------- ----------- ---------- -------------------------------------------
  1[a](#gh251-note-0002){ref-type="fn"}    0                             0           0          0           0          
  2[a](#gh251-note-0002){ref-type="fn"}    0                             3(14.3)     1(14.3)    1(14.3)     5(17.9)    0.483
  3[a](#gh251-note-0002){ref-type="fn"}    3(14.3)                       1(4.8)      0          3(42.8)     7(25.0)    0.145
  4[a](#gh251-note-0002){ref-type="fn"}    1 (4.8)                       4(19.0)     0          1(14.3)     6(21.4)    0.281
  5[b](#gh251-note-0003){ref-type="fn"}    1(4.8)                        0           2(28.6)    1(14.3)     4(14.3)    0.725
  6[b](#gh251-note-0003){ref-type="fn"}    3(14.3)                       4(19.0)     1(14.3)    1(14.3)     9(32.1)    0.028[c](#gh251-note-0004){ref-type="fn"}
  7[b](#gh251-note-0003){ref-type="fn"}    2(9.6)                        7(33.3)     1(14.3)    2(28.6)     12(42.8)   0.001[c](#gh251-note-0004){ref-type="fn"}
  8[b](#gh251-note-0003){ref-type="fn"}    2(9.6)                        1(4.8)      0          2(28.6)     5(17.8)    0.483
  9[b](#gh251-note-0003){ref-type="fn"}    2(9.6)                        3(14.3)     2 (28.6)   0           7(25.0)    0.145
  10[b](#gh251-note-0003){ref-type="fn"}   1(4.8)                        5(23.8)     1(14.3)    2(28.6)     9(32.1)    0.027[c](#gh251-note-0004){ref-type="fn"}
  Total                                    15 (7.1)                      28 (13.3)   8 (11.4)   13 (18.6)   64(22.8)   

*Note*. Same number of samples was taken from each site. Percentage of positive isolates resulting from each sampling site is shown in parentheses.

Lake Erie sites.

Inland sites.

Statistically significant.

No significant difference was found in *S. aureus* or MRSA prevalence between Lake Erie and inland lakes (*p* value for *S. aureus* 0.19, OR 1.5; 95% CI: 0.82--2.7; for MRSA, *p* value 0.07, OR 0.38; 95% CI 0.14--1.08).

3.2. Characterization of *S. aueus* Isolates {#gh251-sec-0013}
--------------------------------------------

*spa* typing was carried out on all positive isolates. A total of 27 *spa* types was detected from 70 *S. aureus* isolates. t008 was the most common *spa* type (18; 25.7%), followed by t346 (5; 7.1%), t189 (6; 8.6%), t688 (4; 5.7%), t002 (4; 5.7%), t726 (3; 4.3%), t216 (3; 4.3%), t2143 (3; 4.3%), t021 (2; 2.9%), t548 (2; 2.9%), t6713 (2; 2.9%), t14316 (2; 2.9), and t304 (2; 2.9) (Table [2](#gh251-tbl-0002){ref-type="table"}). All other *spa* types were less than 1% of *S. aureus* isolates.

###### 

Molecular Characteristics of S. aureus

  Isolate ID   Source    *mec*A   PVL  spa      AST                        MLST
  ------------ -------- -------- ----- -------- -------------------------- --------
  062406S3     Sand        −       −   t548     P and E                    ST5
  062409S1     Sand        −       −   t065     P, E, and C                ST45
  062409S2     Sand        −       −   t371     P                          ST45
  062409S3     Sand        \+      −   t216     P and O                    ST59
  062410S1     Sand        \+     \+   t008     P, O, E, and Cl            ST8
  062410S3     Sand        −       −   t688     P                          ST5
  062406W      Water       \+     \+   t008     P, O, and E                ST8
  062408W      Water       −       −   t267     P                          ST97
  062409W      Water       −       −   t304     P and E                    ST6
  062410W      Water       \+      −   t008     P, O, and E                ST231
  062602S1     Sand        −       −   t2049    P and T                    ST5
  062603S2     Sand        \+     \+   t008     P, O, and E                ST8
  062604S2     Sand        −      \+   t346     P                          ST15
  062602W      Water       \+     \+   t1178    P, O, and E                ST8
  062605W      Water       \+     \+   t008     P, O, E, T, Q, and R       ST8
  070503S2     Sand        \+      −   t304     P, O, and E                ST1776
  070504S2     Sand        \+      −   t002     P, O, and E                ST231
  070505S3     Sand        \+      −   t002     P, O, and E                ST1482
  070506S1     Sand        −       −   t008     P                          ST1
  070506S2     Sand        −       −   t605     P                          ST2372
  070506S3     Sand        −       −   t14316   P and E                    ST1
  070507S1     Sand        −      \+   t185     P, C, and E                ST770
  070507S2     Sand        −       −   t2143    P                          ST45
  070507S3     Sand        −       −   t008     P                          ST8
  070508S2     Sand        −      \+   t008     P and E                    ST8
  070509S1     Sand        −       −   t8337    P                          ST5
  070509S2     Sand        \+      −   t008     P, O, and E                ST8
  070510S1     Sand        −       −   t189     P                          ST188
  070510S2     Sand        −       −   t189     P and E                    ST188
  070510S3     Sand        −       −   t216     P                          ST59
  070503W      Water       −       −   t021     P and E                    ST30
  070505W      Water       \+      −   t548     P, O, and E                ST5
  070506W      Water       −       −   t726     P and E                    ST5
  070507W      Water       −       −   t2143    P                          ST45
  070508W      Water       −       −   t189     P                          ST188
  070509W      Water       −       −   t8337    P                          ST5
  070510W      Water       −       −   t688     P                          ST5
  071402S1     Sand        −       −   t021     P                          ST30
  071403S3     Sand        −       −   t068     P, C, and E                ST8
  071404S1     Sand        −       −   t6713    P                          ST15
  071404S2     Sand        −       −   t726     P, E, and Cl               ST5
  071404S3     Sand        −       −   t688     P                          ST15
  071402W      Water       −       −   t008     P                          ST1
  071403W      Water       −       −   t189     P                          ST188
  071404W      Water       −       −   t346     P                          ST130
  071405W      Water       −       −   t6713    P                          ST15
  071506S1     Sand        −       −   t2143    P                          ST45
  071506S2     Sand        \+     \+   t216     P and O                    ST59
  071506S3     Sand        −       −   t008     P and E                    ST8
  071507S1     Sand        −       −   t346     P                          ST15
  071507S2     Sand        \+      −   t688     P and O                    ST5
  071507S3     Sand        −       −   t346     P                          ST15
  071510S3     Sand        −       −   t059     P                          ST8
  071507W      Water       \+      −   t334     P, O, E, and Cl            ST8
  071510W      Water       −       −   t726     P                          ST5
  100802S3     Sand        −      \+   t346     P and T                    ST15
  100803W      Water       −       −   t084     P                          ST15
  101007W      Water       −       −   t571     P, E, and Cl               ST398
  102203S3     Sand        \+     \+   t008     P, O, and E                ST8
  110507S3     Sand        −       −   t189     P                          ST188
  043007S1     Sand        −       −   t189     P                          ST188
  043007S2     Sand        \+     \+   t008     P, O, and E                ST8
  043008S1     Sand        \+      −   t008     P, O, and E                ST8
  043008S3     Sand        \+      −   t008     P, O, and E                ST8
  062409WCA    Water       \+      −   t002     P, O, C, L, M, E, and Cl   ST105
  062410WCA    Water       \+     \+   t008     P, O, C, L, and Cl         ST8
  070506S1CA   Sand        \+      −   t008     P, O, E, and Cl            ST8
  070506S3CA   Sand        \+      −   t008     P, O, E, and Cl            ST8
  070510S1CA   Sand        −      \+   t008     P and E                    ST8
  070509WCA    Water       \+     \+   t008     P, O, E, and Cl            ST8

*Note*. P, benzylpenicillin; O, oxacillin; E, erythromycin; Cl, clindamycin; T, tetracycline; C, ciprofloxacin; L, levofloxacin; M, minocycline; Q, quinupristin/dalfopristin; and R, rifampin. "CA" samples are those initially taken from ChromAgar plates.

The overall prevalence of PVL genes among *S. aureus* isolates was 21.4% (15/70). Two thirds of the PVL positive isolates were *spa*‐type t008/ST8 (66.7%; 10/15). More than one third of the isolates (34.3%; 24/70) were *mec*A positive. More than half (54.1%; 13/24) of the *spa* type t008 samples were positive for *mec*A (Table [2](#gh251-tbl-0002){ref-type="table"}). *spa* types were grouped based on their genetic proximity to *spa* types associated with specific cluster complexes. BURP grouping using default parameters ("exclude parameters that are shorter than 5 repeats" and "*spa* types are clustered if costs are less or equal than 4") resulted in six *spa* CCs, nine singletons (t065, t185, t189, t216, t267, t334, t571, t6713, and t14316), and excluded three *spa* types (t059, t605, and t1178).

All *S. aureus* isolates were subjected to MLST. A total of 18 different sequence types (STs) was detected. The most common ST type was ST8 (30%; 21/70), followed by ST5 (15.7%; 11/70), ST15 (11.4%; 8/70), ST188 (8.6%; 6/70), ST45 (7.1%; 5/70), ST1 (4.3%; 3/70), ST59 (4.3%; 3/70), ST231 (2.9%; 2/70), and ST30 (2.9%; 2/70). Remaining STs were less than 2% of the total isolates. One livestock‐associated strain, ST398 (t571), was identified (Figures [2](#gh251-fig-0002){ref-type="fig"} and [3](#gh251-fig-0003){ref-type="fig"}).

![Proportion of STs (*n* = 70).](GH2-1-320-g003){#gh251-fig-0003}

3.3. Antibiotic Susceptibility Testing {#gh251-sec-0014}
--------------------------------------

All isolates were tested for antibiotic susceptibility. Oxacillin resistance was observed for 34.3% (24/70) of the isolates. All isolates were resistant to penicillin. Thirty‐four isolates (48.6%) were resistant to erythromycin; 10 (14.3%) were resistant to clindamycin; 4 (5.7%) were resistant to ciprofloxacin; 3 (4.3%) were resistant to tetracycline; 2 (2.8%) were resistant to levofloxacin; and 1(1.4%) was resistant to moxifloxacin. Rifampicin and quinupristin/dalfopristin were resistant in one isolate each (1.4%). Twenty‐nine (41.4%) isolates were MDR‐*S.aureus*. (Figure [4](#gh251-fig-0004){ref-type="fig"}).

![Antibiotic resistant profile of *S. aureus*. MDR, multidrug resistant.](GH2-1-320-g004){#gh251-fig-0004}

3.4. Environmental Conditions {#gh251-sec-0015}
-----------------------------

The summer 2014 sampling period was characterized by both warmer and wetter conditions than fall 2014 and spring 2015, which had very similar temperatures and average daily precipitation (Table [3](#gh251-tbl-0003){ref-type="table"}). In summer 2014, there was an west‐east moisture gradient that was not present in other seasons.

###### 

Average Precipitation (P) and Temperature (T) for Each Sampling Period, and the Two Preceding Weeks, Based On Global Historical Climatology Network Data

                 Akron‐Canton   Cleveland   Youngstown‐Warren               
  ------------- -------------- ----------- ------------------- ------ ----- ------
  Summer 2014        6.5          22.3             4.9          22.3   3.6   21.3
  Fall 2014          2.6          12.2             2.4          12.1   2.1   11.5
  Spring 2015        2.4          10.9             1.8          10.4   2.1   10.2

Seven sites had WWTPs 5 km from the sampled beaches, and four rural sites potentially had septic in areas draining into the lake (Table [4](#gh251-tbl-0004){ref-type="table"}). CSOs affect Lake Erie, but given the distance between CSO outfalls and sites in this study and the presence of more proximal WWTP discharges, their potential influence could not be further assessed.

###### 

Potential Sewage Sources at Each Site

  Site   Closest CSO outfall   Closest WWTP                     Septic in surrounding area
  ------ --------------------- -------------------------------- ----------------------------
  1      5 km east             6 km west                        No
  2      \~25 km west          \<5 km upstream on Grand River   No
  3      \~25 km west          \<5 km upstream on Grand River   No
  4      \~50 km west          \<1 km west                      No
  5      None                  \<0.6 km                         No
  6      None                  2 km                             Possible
  7      None                  \<0.6 km                         Possible
  8      None                  8 km (very small WWTP)           Possible
  9      None                  none                             Possible
  10     None                  1.2 km (two WWTPs)               No

For the Lake Erie sites, lake current information provides additional insights into whether WWTP effluent is likely to reach the sites. At Site 1, summer currents tend to bring waters onshore from the open lake to the north of the site (Bai et al., [2013](#gh251-bib-0003){ref-type="ref"}), but the GLCFS snapshots show mostly west to east currents during the summer sampling period. In the fall sampling period, all four cardinal directions of flow are represented. Based on the distance to WWTP, along with prevailing current directions, we suggest that effluent may be unlikely to reach Site 1 on a regular basis. At Sites 2--4, both summer and winter currents are generally alongshore from west to east (Bai et al., [2013](#gh251-bib-0003){ref-type="ref"}). The summer sampling period, as recorded in the GLCFS snapshots, follows this general pattern, and, as at Site 1, the fall sampling period is more variable, showing both west to east and onshore from the north currents. Site 2 is located immediately (\<1 km) west of the mouth of the Grand River, while Site 3 is located immediately to the east (0.5 km). Multiple WWTPs discharge into the Grand River, the closest \<5 km upstream of the river mouth. Site 4 is located \<1 km west of a small WWTP. Based on these distances, we suggest that WWTP treated sewage effluent may sometimes reach these beaches, even though Sites 3 and 4 are upwind relative to the dominant current directions. Imagery from mid‐June 2014, available on Google Earth, shows a sediment plume from the Grand River reaching west toward Site 2, suggesting that shortly prior to the summer sampling period, there were currents flowing in that upwind direction.

For the inland lakes, four sites (5, 6, 7, and 10) had WWTPs that discharged into the lake close to the beach, while two sites (8 and 9) did not. At Sites 5 and 7, small WWTPs that serve the state parks discharge approximately \<0.6 km from the beaches. At Sites 6 and 10, several small WWTPs discharge to the lakes, with the closest located 1.2--2 km from the beaches. Sites 5 and 10 are judged unlikely to have septic effluent into the lake, while Sites 6 and 7 may receive some septic effluent given their rural locations and larger watersheds. Finally, Sites 8 and 9 have WWTPs that serve lakeside areas but discharge downstream of a dam at the lake\'s outlet. At Site 8, one very small WWTP discharges to the lake \~7.9 km away from the beach. At both sites, there may be some septic systems in the rural areas that are tributary to the lake.

4. Discussion {#gh251-sec-0016}
=============

This study investigated the prevalence and molecular characteristics of *S. aureus* and MRSA in freshwater recreational beaches sand and water samples collected from 10 beaches in Northeast Ohio. The overall prevalence of *S. aureus* was 22.8% (64/280) with a prevalence of 14.6% (41/280) and 8.2% (23/280) for MRSA and MSSA, respectively.

In the United States, *S. aureus* has been isolated from public recreational beaches in Florida (Abdelzaher et al., [2010](#gh251-bib-0001){ref-type="ref"}; Elmir et al., [2007](#gh251-bib-0015){ref-type="ref"}; Esiobu et al., [2004](#gh251-bib-0018){ref-type="ref"}; Mohammed et al., [2012](#gh251-bib-0044){ref-type="ref"}), Washington (Soge et al., [2009](#gh251-bib-0061){ref-type="ref"}), Hawaii (Charoenca & Fujioka, [1993](#gh251-bib-0007){ref-type="ref"}; Fowler, [2005](#gh251-bib-0023){ref-type="ref"}; Seifried et al., [2007](#gh251-bib-0056){ref-type="ref"}; Tice et al., [2010](#gh251-bib-0066){ref-type="ref"}; Viau et al., [2011](#gh251-bib-0068){ref-type="ref"}), and California (Goodwin & Pobuda, [2009](#gh251-bib-0027){ref-type="ref"}; Yamahara et al., [2012](#gh251-bib-0078){ref-type="ref"}), but inland freshwater beaches have not been extensively studied with the exception of a recent investigation of Great Lakes beaches (Fogarty et al., [2015](#gh251-bib-0022){ref-type="ref"}) The overall MRSA prevalence in our study is similar to several of these studies (Fogarty et al., [2015](#gh251-bib-0022){ref-type="ref"}; Roberts et al., [2013](#gh251-bib-0052){ref-type="ref"}). However, the overall *S. aureus* contamination in our sample was lower than that of Goodwin and Pobuda ([2009](#gh251-bib-0027){ref-type="ref"}), who documented 60%--75% and 53%--72% seawater and sand, respectively, that were contaminated with *S. aureus*, but our study had a higher prevalence of MRSA (7% versus 11.4% in water and 0% versus 7.1% in sand) (Goodwin & Pobuda, [2009](#gh251-bib-0027){ref-type="ref"}). Sampling seasons, sample processing methods, and geography may have contributed to different outcomes. For example, Goodwin and Pobuda ([2009](#gh251-bib-0027){ref-type="ref"}) collected samples from two California beaches from June to September and used filtration technique in water sample processing; Fogarty et al. ([2015](#gh251-bib-0022){ref-type="ref"}) used similar methods. We collected samples in three seasons and did not filter water.

Goodwin et al. ([2012](#gh251-bib-0028){ref-type="ref"}) examined *S. aureus* and MRSA contamination on sand and seawater at three Southern California beaches and documented that 59% (*n* = 328) and 53% (*n* = 358) of seawater and beach sand samples were contaminated with *S. aureus*, respectively. The MRSA contamination was 1.6% (*n* = 366) in seawater and 2.7% (*n* = 366) in beach sand (Goodwin et al., [2012](#gh251-bib-0028){ref-type="ref"}). In contrast to these findings, our study found lower prevalence of *S. aureus* and higher prevalence of MRSA in sand and water samples. However, the summer prevalence of *S. aureus* in water in our study was similar to theirs (63.3% versus 59%) during the summer sampling season. Such differences in *S. aureus* and MRSA prevalence may be due to methodological differences between these two studies. For example, we collected sand and water samples from freshwater recreational beaches of Northeast Ohio during June and July. Their study collected coastal beach sand and sea water samples and spanned from May to September. Our sampling timeline of peak summer months for beach visitors and ideal condition for *S. aureus* environmental colonization (hot and humid summer days) (Lidwell & Lowbury, [1950](#gh251-bib-0037){ref-type="ref"}) may have contributed for higher MRSA contamination.

Contrary to the previous study that did not find USA300 (ST 8, clonal complex 8, staphylococcal cassette chromosome *mec* type IV), a community‐associated *S. aureus* strain in recreational beach samples from the Pacific Northwest (Roberts et al., [2013](#gh251-bib-0052){ref-type="ref"}), almost one third of the positive isolates (30%; 21/70) of our study were ST8. More than one third of these isolates (32.6%; 15/46) were found in sand. More than two thirds (71.4%; 15/21) of the ST8 isolates were MRSA. However, our finding of high prevalence of PVL‐positive ST8 is consistent with a study that found 18 USA300 isolates in recreational seawater samples (Seifried et al., [2007](#gh251-bib-0056){ref-type="ref"}). USA300 is implicated with invasive diseases including septicemia and necrotizing fasciitis and is a major cause of community‐associated infections in North America and Europe (Diep et al., [2006](#gh251-bib-0014){ref-type="ref"}). Only one MRSA isolate of the 18 USA300 isolates from recreational seawater harbored PVL gene in previous study (Seifried et al., [2007](#gh251-bib-0056){ref-type="ref"}). In contrast, a previous study found nine ST133 isolates, a predominant animal strain, in both marine and fresh recreational beaches samples (Roberts et al., [2013](#gh251-bib-0052){ref-type="ref"}). We did not find any ST133 but found one ST398 (t571) isolate in a water sample from a rural inland lake. ST398 is typically a livestock‐associated strain (Smith & Pearson, [2010](#gh251-bib-0060){ref-type="ref"}) that has seemingly evolved from an ancestral human lineage (Price et al., [2012](#gh251-bib-0049){ref-type="ref"}). This isolate was not resistant to tetracycline, suggesting that it is more likely of the human lineage.

Eleven isolates of our study were ST5 (six from sand and five from water). Of the 11 ST5 isolates, only 2 were MRSA (one from sand and one from water). One ST5 isolate was found in beach samples in a prior report (Roberts et al., [2013](#gh251-bib-0052){ref-type="ref"}). ST5 (USA100) is a common human‐associated *S. aureus* strain that has been widely distributed (Roberts et al., [2013](#gh251-bib-0052){ref-type="ref"}). Six of the 70 isolates in our study were ST188 (*spa*‐type t189), a double‐locus variant of ST1, which includes USA400 (Ip et al., [2014](#gh251-bib-0031){ref-type="ref"}). ST188 has been documented mostly in the Asia‐Pacific region (Ip et al., [2014](#gh251-bib-0031){ref-type="ref"}). Although ST188 was the first known PVL‐positive MRSA strain (Control & Prevention, [1999](#gh251-bib-0010){ref-type="ref"}), none of our ST188 isolates were MRSA and none harbored PVL. Despite the previous findings that most community‐associated strains of *S. aureus* harbor PVL (David & Daum, [2010](#gh251-bib-0012){ref-type="ref"}), only 55.5% (10/18) of our t008 (ST8) isolates were PVL‐positive.

Studies have suggested a correlation between *S. aureus* concentration and bather density, suggesting a possible role of human activity in *S. aureus* environmental contamination of beach sand and water (Goodwin & Pobuda, [2009](#gh251-bib-0027){ref-type="ref"}; Plano et al., [2011](#gh251-bib-0047){ref-type="ref"}; Roberts et al., [2013](#gh251-bib-0052){ref-type="ref"}; Seifried et al., [2007](#gh251-bib-0056){ref-type="ref"}; Soge et al., [2009](#gh251-bib-0061){ref-type="ref"}). Microorganisms are shed from human skin and body cavities into water during swimming (Robinton & Mood, [1966](#gh251-bib-0053){ref-type="ref"}). Previous studies have shown that bathers shed concentrations of *S. aureus* on the order of 1.3 × 10^6^ (Robinton & Mood, [1966](#gh251-bib-0053){ref-type="ref"}) to 7.5 × 10^6^ (Smith & Dufour, [1993](#gh251-bib-0059){ref-type="ref"}) colony‐forming unit (CFU) in freshwater and 6.1 × 10^6^ in marine water (Elmir et al., [2007](#gh251-bib-0015){ref-type="ref"}) per person in the first 15 min exposure period; slightly lower CFU were reported by Plano et al. ([2011](#gh251-bib-0047){ref-type="ref"}). However, *S. aureus* shedding was reduced by 50% in subsequent bathing cycle (Elmir et al., [2007](#gh251-bib-0015){ref-type="ref"}). Human‐implicated beach sand contamination has been a public concern as beachgoers spent most of the time in contact with the sand (Heaney et al., [2009](#gh251-bib-0030){ref-type="ref"}). Previous studies have implicated sand as a bacterial source in freshwater beaches in two Michigan Lakes (Alm et al., [2006](#gh251-bib-0002){ref-type="ref"}; Whitman & Nevers, [2003](#gh251-bib-0074){ref-type="ref"}). A prior study has noted that sand may play a protective role for the bacteria, preventing them from exposure to stressors such as "ultraviolet radiation, high salinity, high temperatures, and wave action" (Goodwin & Pobuda, [2009](#gh251-bib-0027){ref-type="ref"}). A correlation between *S. aureus* infection rates and seawater exposure demonstrated by Charoenca and Fujioka indicated recreational water as potential reservoir for *S. aureus* (Charoenca & Fujioka, [1995](#gh251-bib-0008){ref-type="ref"}).

Alternatively, wildlife can serve both as a reservoir and a disseminator of microorganisms into the environment (Meerburg, [2010](#gh251-bib-0040){ref-type="ref"}; Woolhouse & Gowtage‐Sequeria, [2005](#gh251-bib-0075){ref-type="ref"}). Studies have isolated *S. aureus* (including MRSA) from wild animals such as psittacine birds, turtle, bat, guinea pig, chinchilla (Walther et al., [2008](#gh251-bib-0070){ref-type="ref"}), snakes (Devriese & Hajek, [1980](#gh251-bib-0013){ref-type="ref"}), hamsters (Ferreira et al., [2011](#gh251-bib-0021){ref-type="ref"}), Great Horned Owl, European beaver, Great Blue Heron, Rock Pigeons, fox squirrel, Screech Owl, eastern cottontail rabbits and Lesser Yellowlegs shorebird (Wardyn et al., [2012](#gh251-bib-0072){ref-type="ref"}), and dolphins and walruses (Faires et al., [2009](#gh251-bib-0019){ref-type="ref"}). MRSA has also been implicated with marine animals such as seals (O\'Mahony et al., [2005](#gh251-bib-0045){ref-type="ref"}) and bottlenose dolphins (Faires et al., [2009](#gh251-bib-0019){ref-type="ref"}; Schaefer et al., [2009](#gh251-bib-0055){ref-type="ref"}). We have found *S. aureus* and MRSA contamination in freshly voided geese fecal samples collected from the vicinity of sampling sites of this study (Thapaliya et al., [2017](#gh251-bib-0064){ref-type="ref"}); however, animal samples were not collected concurrently with beach samples. While molecular epidemiology of the goose fecal samples matched in some cases (ST5 and/or ST8 were isolated in both animals and beach samples at Sites 2, 4, 5, 7, and 10), water and sand samples were far more diverse. Further, while ST398 was isolated from goose feces at Site 6, this type was not found in beach water or sand at that site, while it was found at the beach in Site 7 but not in goose feces at that location (Thapaliya et al., [2017](#gh251-bib-0064){ref-type="ref"}). As such, the wild animals and migratory birds dwelling and interacting in the vicinity of lakes and state parks may have played potential role in *S. aureus* and MRSA contamination of beach sand and water in addition to *S. aureus*/MRSA shedding by beachgoers, but further research is needed to test this connection.

Location of a recreational beach on an inland lake that receives treated WWTP effluent appears to be associated with a higher occurrence of *S. aureus*, as found at Sites 6, 7, and 10. Site 5 is also an inland lake with WWTP effluent but did not have a significantly higher prevalence of *S. aureus* than other sites in the study. Further, inland lakes without WWTP effluent (Sites 8 and 9) also had *S. aureus* in sand and water samples. On Lake Erie, distance from WWTPs was greater for Site 1, which had no occurrence of *S. aureus* at any time during the study, than for Sites 2--4, where *S. aureus* was identified. Conversely, dominant lake currents did not appear to affect prevalence of *S. aureus*, as illustrated by Sites 2 and 3, and the study design did not allow us to identify the influence of CSO outfalls on *S. aureus* prevalence.

The strength of this study is that we conducted a longitudinal study examining *S. aureus* and MRSA contamination in beach sand and water in all three seasons. We collected samples from both inland lakes and Lake Erie sites. However, the use of convenience sampling techniques and inclusion of a limited number of samples from one geographic location limits the generalizability of findings. We did not measure the bacterial load or collect human samples and were unable to gather information regarding number of visitors or bathers at each park. The lack of knowledge regarding the effect of rain and other environmental and weather condition adds a further limitation to this study. The source of sand and water contamination is currently unknown. It is possible that beachgoers may have potentially contaminated beach sand and water. This hypothesis is supported from the study results that compared to fall and spring, a higher prevalence of *S. aureus* and MRSA was observed during the summer season when increased human activities occur in the public beaches. While further studies are necessary in order to draw conclusions, simple public health measures, such as showering at the beach after exposure, may reduce any potential health effects from beach exposure to *S. aureus*.
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